Background: Increasing attention is payed to the contribution of somatosensory processing in motor control. In particular, temporal somatosensory discrimination has been found to be altered differentially in common movement disorders. To date, there have only been speculations as to how impaired temporal discrimination and clinical motor signs may relate to each other. Prior to disentangling this relationship, potential confounders of temporal discrimination, in particular age and peripheral nerve conduction, should be assessed, and a quantifiable measure of proprioceptive performance should be established.
Conclusion:
Given their notable impact on measures of temporal discrimination, age and peripheral nerve conduction need to be accounted for if STDT and TDMT are applied in patients with movement disorders. As a side observation, the correlation between measures of proprioception and temporal discrimination may prompt further studies on the presumptive link between these two domains.
Keywords: pointing task, position estimation, aging, kinesthesia, somatosensory temporal discrimination, TDMT, temporal discrimination threshold BACKGROUND Temporal aspects of somatosensory processing have drawn increasing interest as potential markers in the differential diagnostic workup of movement disorders. In particular, STDT and TDMT have been shown to be differentially involved. STDT is a neurophysiological paradigm testing the shortest ISI at which a subject can perceive successive electrical stimuli applied to the skin as separate. Higher STDTs have been consistently described in several types of dystonia (Tinazzi et al., 1999 (Tinazzi et al., , 2004 Bara-Jimenez et al., 2000; Aglioti et al., 2003; Fiorio et al., 2003 Fiorio et al., , 2008 as well as in PD (Artieda et al., 1992; Conte et al., 2010 Conte et al., , 2016 and multiple system atrophy (Rocchi et al., 2013) . TDMT is defined as the shortest interval at which a subject perceives two externally induced passive movements as separate (Tinazzi et al., 2005) . Compared to healthy controls, TDMT has been shown to be increased in PD patients (Fiorio et al., 2007) and patients with essential or functional tremor (Tinazzi et al., 2013a (Tinazzi et al., , 2014 , whereas it was found normal in patients with writer's cramp (Tinazzi et al., 2006) and dystonia with tremor (Tinazzi et al., 2013a) .
To date, there have only been speculations as to how an impairment of temporal discrimination performance and clinical motor signs in these movement disorders may relate to each other (Riemann and Lephart, 2002a,b; Lee et al., 2016) , warranting the need for further research. However, prior to disentangling this relationship on the CNS level, we consider it reasonable to examine how temporal discrimination is influenced by age and peripheral nerve conduction -factors which are likely to confound analyses in groups of movement disorder patients with high inter-group heterogeneity. Moreover, a quantifiable measure of proprioceptive performance should be established in order to assess potential associations between temporal discrimination and kinesthesia later on.
To this end, we assessed STDT and TDMT of upper and lower extremities in healthy subjects of different age and in patients with PNP, combined with a set of three proprioception tasks of the corresponding limbs. We hypothesized that higher age and PNP are associated with (i) increased discrimination thresholds and (ii) decreased proprioceptive performance.
Abbreviations: CNS, central nervous system; EMG, electromyography; FCR, flexor carpi radialis muscle; fMRI, functional magnetic resonance imaging; GABA, gamma-aminobutyric acid; ISI, interstimulus interval; LED, light-emitting diode; PD, Parkinson's disease; PNP, polyneuropathy; SSEP, somatosensory evoked potential; STDT, somatosensory temporal discrimination threshold; TA, tibialis anterior muscle; TDMT, temporal discrimination movement threshold.
MATERIALS AND METHODS
The study conformed to the principles of the Declaration of Helsinki. It was approved by the Ethics committee of the Medical Faculty at the University of Würzburg.
Subjects
A total of 54 volunteers without a history of neurological or psychiatric disease and without clinical symptoms or signs of such disease were included. Additional exclusion criteria were a medical history of diabetes or coagulation disorders, and ongoing medication with oral anticoagulant drugs. In addition, 25 patients with a diagnosis of chronic PNP were included. Nerve conduction studies and SSEPs were collected in order to characterize PNP patients, and to exclude impairment of peripheral nerve or posterior column conduction in healthy subjects older than 60 years. Conduction studies were performed at our Clinical Neurophysiology Laboratory (Schwarzer Topas EMG System, Natus Europe, Planegg, Germany) according to the clinical standard.
All participants gave their written informed consent for research.
STDT and TDMT
Somatosensory temporal discrimination threshold was tested with surface electrodes (anode and cathode with 1 mm diameter and 1.5 cm distance in between) placed over the thenar or dorsal foot region. Pairs of square wave electric stimuli with a duration of 0.2 ms were provided by a constant current stimulator (Digitimer, Welwyn Garden City, United Kingdom). Stimulation intensity was determined individually by providing stimuli with stepwise increasing current until participants were able to perceive stimuli clearly (i.e., 10 out of 10 attempts). ISIs were presented in an ascending sequence, starting from 0 ms, in steps of 5 ms. STDT was defined as the shortest ISI when participants perceived two separated pulses in three successive intervals (Tinazzi et al., 1999 (Tinazzi et al., , 2013a . The mean value of three runs was taken for further analysis.
TDMT was measured following the procedure described by Tinazzi et al. (2005) . An insulated tungsten needle microelectrode was inserted at the motor point of the FCR or the TA muscle. The motor point was determined as the cathode position with maximum muscle contraction at stimulation by a surface electrode. The anode was a surface electrode placed 3-4 cm distally to the cathode. Pairs of subsequent electric stimuli (0.2 ms duration, 1-2 mA intensity, below individual stimulus intensity of STDT testing in all cases) with increasing and decreasing ISI (2 runs each) were provided. TDMT was defined as the shortest ISI at which subjects were able to clearly (i.e., three times in a row) identify two separate movements of wrist flexion or foot dorsal extension. A movement consisted of a distinct perceptible muscle contraction without feeling pain or discomfort, along with an observable slight wrist flexion or foot dorsal extension, respectively (Tinazzi et al., 2005) . To minimize possible distraction by external stimuli participants wore earplugs and sleep masks.
The mean value of four runs was taken for further analysis.
Proprioceptive Testing
Proprioception of limbs was assessed by custom-made goniometers without visual feedback of the respective extremity throughout the testing procedure (Figure 1) . The device for the upper extremity was built to assess wrist flexion in a range of 0 • -75 • (Figure 1A) , the one for the lower extremity measured foot dorsiflexion in a range of 0 • -60 • (Figure 1B) . Position 0 • marks the starting point of motion in our experiment, which corresponds to 15 • hand extension and 30 • plantar flexion relating to neutral zero method. The goniometers allowed the investigator to monitor the movements directly and to quantify their extent on a scale placed outside the box, invisible for the participant. The respective extremity was fixed with splints and tapes in order to exclude other joint movements. Subjects were instructed to perform three different proprioceptive tasks as precisely as possible, and to initiate limb movements only on explicit request by the investigator. The first task (LED) comprised pointing to LED markers attached to the outside of the device at 15 • , 30 • , 45 • , 60 • , and 75 • for the upper limbs ( Figure 1A) , and 15 • , 30 • , 45 • , and 60 • for the right foot ( Figure 1B) . The participants were instructed to point to the one lighted LED (e.g., 45 • in Figure 1A ) by one single and quick movement. The examiner documented the reached position, and the subject was asked to return to the FIGURE 1 | Custom-made goniometers to quantify pointing or estimation errors of (A) the upper and (B) the lower limb. (C) ARROW task: example of a computer screen instruction (left part) and the corresponding active movement of the upper limb. starting position. Thereafter, another LED was activated, and the procedure started from its beginning. Each LED lighted up three times during the experiment in a randomized order. In the second task (ARROW), participants were asked to move the respective limb in proportion to curved arrows of different angular dimensions (15 • , 30 • , or 45 • ), which were shown on a computer screen ( Figure 1C) . Thereby, subjects were instructed to imitate the range of movement symbolized by the arrow length. Each length was presented three times in a randomized order. The basic testing procedure was otherwise similar to LED task. In the third task (PASSIVE), which was only performed by the upper limbs, subjects were asked to estimate the position of their limb after passive movements by the experimenter (right side 9 • , 21 • , 31 • , 49 • , 63 • and left side 13 • , 25 • , 43 • , 51 • , 65 • , each angle presented twice, one after another). Only for this task, an additional scale was installed at the front of the device so that the participants were able to indicate the felt position of the index finger by telling the corresponding number on the scale. Pointing (LED, ARROW) or estimation (PASSIVE) errors (in degree) were taken as a measure of proprioceptive performance. Conduction of the entire assessment took an average of 30 min.
Statistical Analyses
SPSS software (IBM) was used for statistical analyses. We tested for normality by using the Shapiro-Wilk test. As data were not normally distributed, we applied the Mann-Whitney U test for group comparisons and the Spearman test for correlations. Statistical significance was set at a level of p < 0.05. The Benjamini-Hochberg procedure was used to correct for multiple comparisons.
RESULTS

Demographic and Clinical Data
A total of 54 healthy subjects (37 females) with a median age of 54 (range 30-76) years were included into this study. In addition, 25 patients (10 females) diagnosed with PNP with a median age of 61 (range 46-79) years were included. Demographic and clinical data of PNP patients and a subgroup of age-and sex-matched healthy controls are summarized in Supplementary Table 1 .
STDT and TDMT: Association With Age and PNP
The results of STDT and TDMT assessment are presented in the upper part of Table 1.
In the group of healthy controls, higher age was associated with higher discrimination threshold levels for STDT of the upper extremities (r = 0.348; p < 0.001; Figure 2A ) and the foot (r = 0.581; p < 0.001; Figure 2B ). Moreover, higher age was associated with higher TDMT levels of the FCR (r = 0.267; p = 0.005; Figure 3A ) and the TA muscle (r = 0.465; p < 0.001; Figure 3B ; all significant after Benjamini-Hochberg adjustment).
Compared to matched controls, patients with PNP showed elevated STDT and TDMT values, with higher thresholds for the upper and lower limbs ( Table 1) . 
Kinesthesia: Association With Age and PNP
The results of the proprioceptive testing procedures (LED, ARROW, PASSIVE) are presented in the lower part of Table 1.
In the whole group of healthy controls there was no significant correlation between age and higher pointing errors in all performed tasks.
Compared to the group of matched healthy participants, patients with PNP performed worse in the pointing tasks (LED, ARROW), with higher pointing errors for the upper and lower limbs. In the PASSIVE condition, performance was comparable between patients and controls (Table 1) .
STDT, TDMT, and Kinesthesia
Screening the entire data for a potential correlation between the two domains, we found higher temporal discrimination thresholds to be associated with higher pointing errors in the ARROW task at upper (STDT right hand: r = 0.477; p < 0.001; Figure 4A /TDMT right FCR muscle: r = 0.546; p < 0.001; Figure 5A ) and lower limbs (STDT right foot: r = 0.336; p = 0.002; Figure 4B /TDMT right TA muscle: r = 0.523; FIGURE 5 | Correlations of TDMT of (A) FCR and (B) TA muscle with ARROW task performance in the total cohort (healthy subjects and PNP patients). p < 0.001; Figure 5B ). Comparable correlations were found for the LED pointing task: STDT and TDMT correlated significantly with pointing errors (STDT right hand: r = 0.369; p = 0.001; Figure 6A /TDMT right FCR muscle: r = 0.435; p < 0.001; Figure 7A /STDT right foot: r = 0.372; p = 0.001; Figure 6B /TDMT right TA muscle: r = 0.460; p < 0.001; Figure 7B ). All these correlations were significant after Benjamini-Hochberg procedure.
In contrast, there was no significant correlation of temporal discrimination thresholds with performance in the PASSIVE estimation task.
DISCUSSION
In the present study we assessed temporal discrimination thresholds (STDT and TDMT) and proprioceptive performance in a group of healthy controls and PNP patients. Our main goal was to determine the influence of age and peripheral nerve conduction on both measures as groundwork for their use in patients with movement disorders. In line with our first hypothesis, higher age and PNP were associated with increased FIGURE 6 | Correlations of STDT of (A) hand and (B) foot with LED task performance in the total cohort (healthy subjects and PNP patients). discrimination thresholds. Our second hypothesis, in contrast, was only partially confirmed: PNP, but not age, was associated with decreased proprioceptive performance.
Across healthy subjects of different age groups, we found higher age to be correlated with increased temporal discrimination values. In line with a previous study (Ramos et al., 2016) , we found positive correlations of age and STDT for the upper limbs, and extended this finding to the lower limbs. Beyond STDT, we found a significant association of higher age with higher TDMT levels of the FCR and an even stronger correlation with TDMT of the TA muscle. Indeed, to the best of our knowledge, this is the first study to demonstrate feasibility of the TDMT paradigm at lower limbs. Together, our data strongly supports the hypothesis that both STDT and TDMT performances decrease during aging. As PNP had been excluded clinically and neurophysiologically in all elderly controls, age-dependent decline in TDT and TDMT may most likely be attributed to changes within central circuits, with several potential reasons (Ramos et al., 2016) : Beside a decrease of GABA-ergic neurotransmission in aging (Mora et al., 2008; Lehmann et al., 2012) , a reduction of neuronal plasticity within the somatosensory cortex is supposed to play a crucial role in this process (Pellicciari et al., 2009 ). The latter may be supported by recent findings of an STDT improvement after high frequency repetitive sensory stimulation in healthy subjects which was less prominent in older participants (Erro et al., 2016) . The contribution of (subclinical) neurocognitive deficits, which are more frequent in higher age, in temporal perception remains uncertain (Gibbon et al., 1984; Allman and Meck, 2012) .
Our finding of significantly increased STDT and TDMT at the upper and lower limbs in patients with PNP points to a considerable impact of peripheral nerve conduction on temporal discrimination. Indeed, blurred signal conduction due to temporal dispersion within the peripheral nerve might well explain our observation of poor temporal discrimination in patients with PNP. As a consequence, peripheral conditions with high general prevalence, like PNP, carpal tunnel syndrome, or radicular compression, might inevitably limit the individual validity of temporal discrimination thresholds in subjects with movement disorders and additional peripheral conditions. As a potential limitation, the group of PNP patients was rather heterogenous with respect to type and severity of neuropathy.
While an increase of STDT and TDMT in demyelinating PNP might be more suggestive than in axonal PNP or small fiber neuropathy, the respective impact of different types of nerve damage remains speculative. Moreover, nerve conduction studies predominantly reveal information about the distal part of the nerve, whereas proximal demyelination may be missed easily. Consequently, the attempt to disentangle the causal relationship between a particular finding in nerve conduction studies and temporal discrimination performance would be an overinterpretation of our data. This is even more so since the CNS would not remain unaffected by peripheral neuropathy -plastic processes like cortical rearrangement following PNP-related partial denervation might also affect temporal discrimination on the CNS level.
Notably, we did not find a differential association of STDT and TDMT with age or PNP: both parameters changed concordantly, i.e., they were positively correlated with age, and both were similarly increased in PNP patients as compared to healthy subjects. Thus, physiological aging as well as PNP influence STDT and TDMT similarly. This is in line with the observation that specific patterns of altered temporal discrimination in disorders like essential tremor or dystonia can be attributed to specific changes at the level of the CNS. Several brain areas have been suggested by fMRI to be involved in temporal discrimination, first of all the basal ganglia (Pastor et al., 2004) , in particular the putamen , and the superior colliculus (Hutchinson et al., 2014; Mc Govern et al., 2017) . In addition, involvement of the prefrontal cortex, anterior cingulate, pre-supplementary motor area, precentral gyrus, sensorimotor cortex, inferior parietal lobule, and cerebellum has been observed (Pastor et al., 2004; Di Biasio et al., 2015; Rocchi et al., 2017; Erro et al., 2018) .
We did not find a significant correlation between age and pointing or estimation errors, respectively. Earlier studies have demonstrated an age-related decline of passive finger (Ko et al., 2015; Zhang et al., 2015; Ingemanson et al., 2016; Rinderknecht et al., 2017) and ankle (Ko et al., 2015) proprioception, while age had no effect on the accuracy rate in a pointing task under restricted visual feedback conditions (Zhang et al., 2015) . In the light of the different aspects of proprioception assessed at different joints in these studies, our findings would be compatible with an age-dependent decline in passive, but not active proprioceptive performance, which might be restricted to distal joints and therefore, not appear at the wrist. In general, it is still under debate whether passive and active proprioception are different neuronal concepts and potentially involve different central circuits (Gritsenko et al., 2007; Capaday et al., 2013) . In addition, we cannot exclude the possibility that our PASSIVE task at the wrist might have lacked the precision to detect very small angular differences, for example due to the fact that the movement was performed by the experimenter rather than an electric device or to limited control for cues from the skin touching the goniometer splint.
Patients with PNP showed an impaired kinesthetic performance as evidenced by higher pointing errors compared to controls. In the light of reduced peripheral afferent input due to PNP, this finding is not surprising (Rothwell et al., 1982; Sainburg et al., 1995) . As for the PASSIVE task, we consider it likely that the low sensitivity of an assessment at the wrist (compared to finger joints) in addition to the methodological limitations discussed above might explain the lack of significant differences between PNP patients and matched controls. As our foot goniometer did not allow movements with gravity eliminated, the PASSIVE condition was only performed at the upper extremities, where, from clinical experience, proprioceptive dysfunction due to PNP is less prominent.
As an additional observation, we found correlations between STDT and TDMT and the performance in two different active pointing tasks: Higher temporal discrimination thresholds were associated with higher pointing errors in the ARROW and LED task in upper and lower extremities. Though postulated by earlier studies, which had found differential alterations of STDT and TDMT in patients with movement disorders (Artieda et al., 1992; Bara-Jimenez et al., 2000; Tinazzi et al., 2006; Fiorio et al., 2007) , the association of both parameters with behavioral measures of proprioception had never been systematically assessed.
Active pointing movements rely on permanent "on-line" adjustments of their temporospatial properties in order to achieve a high level of precision (Georgopoulos, 2002) . Temporal discrimination is supposed to involve a complex network process within the CNS subserving conscious evaluation of double stimuli, i.e., to answer the question whether a subject feels a single or a double stimulus. It therefore, seems worth speculating on whether temporal discrimination thresholds and pointing precision may be considered different measures of one and the same network. In this case, their correlation would support the notion that kinesthesia is indeed the link between impaired temporal discrimination and neurological conditions in several movement disorders (Tinazzi et al., 2005 (Tinazzi et al., , 2013b Fiorio et al., 2007) .
As correlations do not allow directional or causal inference, an alternative explanation might be that both temporal discrimination and pointing performance are modulated comparably by a common third parameter. This could either be an unidentified parameter or simply peripheral nerve conduction with PNP-related variability. In the latter case we would expect a lack of correlation when PNP patients are excluded. However, there remained to be a significant correlation between STDT and TDMT and ARROW task in upper limbs in the group of healthy subjects, which supports an association of the two parameters above their common modulation by peripheral conduction.
Functional imaging studies on proprioception during either vibration induced illusory motion or passive extremity movements revealed involvement of a number of brain regions partially overlapping with those discussed in the context of temporal discrimination (Weiller et al., 1996; Gelnar et al., 1998; Mima et al., 1999; Francis et al., 2000; Romaiguere et al., 2003; Naito et al., 2007; Kavounoudias et al., 2008) . It is beyond the scope of our study to speculate about the neural underpinnings of both phenomena in the CNS. However, future research should specifically assess proprioceptive performance by means of a "top-down based" task in the particular movement disorders to probe for behavioral correlates of differential STDT and TDMT changes. Functional imaging and non-invasive brain stimulation might complement such studies in order to identify brain structures involved in both processes.
CONCLUSION
Age and PNP have significant impact on measures of temporal discrimination and/or proprioceptive capacity. STDT and TDMT increase with age, and PNP is associated with higher STDT/TDMT values and reduced precision in pointing tasks. If applied in studies on movement disorder, where STDT/TDMT may be used in order to define corresponding endophenotypes, it is important to account for these factors to increase validity of the measurements. This is particularly important in view of a significantly higher prevalence of PNP in patients with PD as compared to controls (Conradt et al., 2018) . As an additional observation of high interest, higher error rates in pointing tasks correlate with elevated discrimination thresholds. This may prompt further studies on the presumptive link between these two domains and their potential use as endophenotypic markers in neurological conditions.
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